It has been known for some time that inequalities of the ratio of alveolar ventilation to perfusion (VA/Q) exist in the normal human lung and that these inequalities frequently are magnified and distorted by disease. The quantitative assessment of these ratios has proved a difficult task, however, and until recently could be achieved only by a descriptive division of the lung into hypothetical "compartments," which might or might not have anatomic or geographic counterparts.
The advent of radioactive gases and the development of external counting methods (1, 2) made it possible to measure regional gas concentration and to tentatively map the regional VA/Q distribution in the normal lung (3, 4) . Unfortunately, however, these experiments involved techniques that limited their applicability. It was necessary to measure regional ventilation and regional perfusion separately, and so their ratio could not be directly determined. All measurements were made during a breath-holding period, usually at relatively high lung volumes, and after an inspiration during which volume and flow rate were not rigidly controlled. It is known that regional ventilation and perfusion vary with lung volume in normal subjects in these circumstances (5, 6) , and it is apparent that such single breath measurements would be even less reliable in patients with airway disease, in whom the distribution of inspired gas is dependent upon inspiratory flow rate (7) .
It seemed important, therefore, to develop a method for direct measurement of regional VA/Q during continuous infusion of a radioactive gas under normal steady state conditions. The results obtained in four normal subjects are presented, and the limitations of such a technique are discussed. Methods
Theory. Under steady state conditions, regional VA/Q determines the concentration of any gas in a lung region, and if regional concentration is measured, VA/Q may be calculated. Because of varying lung geometry, regional concentrations of an isotope cannot be deduced from count rate alone; two separate steady state techniques have therefore been combined.
When a solution of '33Xe is infused intravenously at a constant rate, it will evolve into the lung gas and, providing that neither ventilation nor perfusion changes, will attain a steady state. A description of this steady state for any lung region is as follows:
where Q is regional blood flow; VA is regional alveolar ventilation; CV is '33Xe concentration in pulmonary arterial blood during infusion; a is the Bunsen coefficient of 133Xe at 370 C [0.181 ml per ml blood at-760 mm Hg (8) When a normal subject rebreathes '33Xe from a closed circuit with a volume of about 10 L, the regional and spirometer count rates will reach values that are apparently constant. Since this occurs long before peripheral tissues are saturated with the gas, a steady state of '33Xe exchange across the lungs may be assumed to exist. This is described by the following relationship: ViFi = VAFAi + QFAiat, [2] where Fi FAp/FAi = Up/Ui. [3] In Equations 1 to 3 there are three unknowns, VA/0, FAp, and FAR; if regional VA/0 is the same during infusion and rebreathing, they may be solved as follows:
VA/Q = U F .
U~, X Fi' [4] It is apparent that both CV and Fi may be in the dimensions millicuries per liter without altering the validity of Equation 4. Effect of dead space. The above calculations do not take into account the fact that alveolar gas is inspired from the dead space during both '33Xe infusion and rebreathing.
Since dead space gas is in part a mixture of gases from more than one lung region, the effect of its reinspiration is to lessen differences in concentration among different lung regions. Treatment of the problem demands definition of dead space volume and gas composition and the distribution of dead space gas when inspired. At the end of expiration, gas in the mainstem bronchi, trachea, and upper airways contains contributions from all regions; toward the periphery, the airways contain gas from fewer regions and, at the outermost limit, contain gas of the same composition as the region they subserve.
Because we can measure only the gas compositions at the two extremes of the above continuum, we are forced to treat the dead space as a two compartment model, one compartment being the dead space common to all lung regions and the other being the dead space unique to the region it subserves. Since reinspiration of gas from the regional dead space does not change alveolar gas composition, this volume of ventilation is not involved in gas exchange. We have chosen to assume that the regional dead space equals half the anatomical dead space, which probably is an overestimation (9) . There is no reason to suppose that dead space gas is inspired sequentially; therefore, the ratio of dead space to tidal volume may be considered uniform throughout the lung.
The above assumptions may be summarized in formal fashion as follows: 1) The total gas-exchanging ventilation of a region (Ve) is the sum of the regional alveolar ventilation (VA) and the regional share of the ventilation of the common dead space (V'D). Similarly, the total gasexchanging ventilation of the lungs (VeT) is the sum of the over-all alveolar ventilation (VAT) and the ventilation of the common dead space (V'DT).
2) The common dead space is half of the anatomical dead space, and its 133Xe concentration is equal to over-all end tidal concentrations during infusion (FAPT) and rebreathing (FAiT).
3) The regional distribution of gas inspired from the common dead space is the same as the distribution of the remainder of the inspired volume, i.e., V'D/Ve = V'DT/ V'eT. Therefore, Equation 1 Procedure and calculations. Four normal young men were studied while seated erect with their backs against a plastic grid. With coordinates on the grid and a chest radiograph, 10 or 12 scintillation counters with 17-cm tubular collimators were positioned over various regions of both lungs. The subjects breathed through a tap that could be connected to a small plastic breathing valve or to a valveless spirometer with a mixing pump. A scintillation counter with a thin crystal 2 inches in diameter (mouth counter) was positioned over the valve. A digital ratemeter was used to integrate count rates over intervals of 0.5 second, and this permitted a continuous recording of end tidal 133Xe concentrations. The spirometer circuit also contained a scintillation counter. The chest and spirometer count rates were monitored and recorded as described by Ball, Stewart, Newsham, and Bates (1). The mouth counter was calibrated by filling the breathing valve with known concentrations of '33Xe.
The subject relaxed and breathed naturally through the mouthpiece valve for 10 to 15 minutes. When the minute volume appeared to be stabilized, a solution of '33Xe in saline contained in a syringe driven by a Harvard pump was infused for 5 minutes at a rate of approximately 2 mc per minute into a previously prepared left antecubital vein.
The subject was unaware of when 133Xe infusion began. Expired air was collected during the last 2 minutes of the infusion. After the last collection, the infusion pump was turned off and the subject, breathing room air naturally, cleared the '33Xe from his lungs.
When washout was judged complete (both by observation of the mouth count rate and of the data recorded for calculation of chest wall background as described below), the subject was turned into the spirometer circuit, which contained trace amounts of 133Xe. In order to calculate intrapulmonary count rates from gross regional count rates, it was necessary first to subtract the count rate due to '33Xe present in the chest wall. This was estimated by the method of Milic-Emili and coworkers (6) , which assumes that tissue '33Xe increases in linear fashion with time during '33Xe administration and decreases in linear fashion during washout. Preliminary experiments had confirmed the validity of these assumptions for these experimental conditions.
The minute ventilation was measured over the last 2 minutes of "33Xe infusion, and samples of expired gas were analyzed for 02 and CO2 by the Scholander method (10), and for '33Xe with a stationary scintillation counter (5) . The respiratory quotient (R) and the total respiratory i33Xe output (Vxe) were calculated from these data; then the total alveolar ventilation and dead space could be measured using Vxe and FAPT. The instrumental dead space equaled 35 ml. V'DT was computed from these data.
Neither the mixed venous concentration (CV) nor cardiac output was measured during infusion, and both were estimated from other data. Using the measured R, we assumed values for mixed venous oxygen pressure (Po2) and Pco2 and used the 02-CO2 diagram (11) to calculate total VA/Q. This, together with the over-all alveolar ventilation corrected to BTPS (body temperature, pressure, saturated with water), was used to compute overall cardiac output and-since, barring major recirculation, the infusion rate must approximate the product of CV and cardiac output-the CV. Figure 3 , where it is contrasted with regional VA/Q as calculated by Equation 4 . Because over-all Ve is higher than VA by an amount equal to ventilation of the common dead space, the entire curve is higher. In relation to perfusion, a greater amount of dead space is distributed to the apex than to the base; therefore, the Ve/Q plot deviates from the VA/Q plot near Figure 4 contrasts VA/Q as calculated by Equation 4 (which assumes no dead space rebreathing) with VA/Q as calculated by Equation 6 (which allows for this effect uptake of 133Xe will continue to remove the gas from the spirometer after regional count rates appear constant; however, because of the insolubility of '33Xe and the size of the spirometer circuit (about 10 L), the continued uptake will not be reflected in a significant decrease in spirometer concentration during a 3-to 5-minute period. Thus, the conditions of-Equation 2 are satisfied. The initial inspired concentration is higher than the constant inspired 133Xe concentration (Fi of Equation 2), which tends to increase the speed of approach of FAi to the values described in Equation 2 , so that it is virtually certain that at least 90% of these values will be attained in 5 minutes of rebreathing by normal subjects.
Recirculation of '33Xe introduced by infusion or by rebreathing has not been considered in this analysis and could conceivably exert an important influence on the establishment of steady state conditions. Studies of '33Xe exchange in the periphery are under way in this laboratory, and from results obtained so far it may be calculated that recirculating '33Xe amounts to 5 to 10% of input concentration (CV or Fi) after 5 minutes of rebreathing or infusion. Solution of Equations 1 and 2 after the addition of recirculation terms has the effect of subtracting one such term from the other, and the total error due to recirculation will be <5% . It is improbable that regional count rates during infusion (Up) and rebreathing (Ui) can be determined with an error < 10% (see below). Also, it is probable, as discussed above, that an error of no greater magnitude is introduced by the assumption of steady state conditions at the end of the infusion and rebreathing periods. Therefore, it is justifiable to analyze the data as described. Further support for this approach is given by the measurements presented in Table I .
To compute Up and Ui it is necessary first to subtract chest wall background counts. This was done by extrapolation back from regional count rates recorded at a time when it was considered that washout from the lungs of the 133Xe was complete. Implications. The general shape of the curves in Figure 2 is similar to those previously reported (4, 5 The assessment of regional Ve/Q has greater physiological significance than do the measurements discussed above, since Ve is a better approximation of the total gas-exchanging ventilation. Figure 6 shows the regional alveolar gas tensions of subjects AP and MR, calculated from measured Ve/O distribution and the 02-CO2 diagram and modified according to the principles of Ross and Farhi (12). There is less variation in gas composition from apex to base than that calculated by West (4) . This discrepancy is due in part to the lower apical VA/Q found in these experiments and partly to the reinspiration of dead space gas. Neither our measurements nor those of West of resting apical VA/Q are beyond reproach. The former may be inaccurate because of chest wall radiation, and the latter were secured at high lung volumes and transpulmonary pressures. The effect of reinspired dead space gas, however, can serve only to decrease regional gas tension differences (12). It follows, then, that over-all alveolararterial gas tension differences due to varying regional VA/Q must be smaller than those that do not allow for the dead space effect. Calculation of over-all alveolar-arterial differences from our data would be of interest. Regional ventilation per unit volume or perfusion per unit volume can be measured with minimal physiological disturbance, but there is no proved way to measure regional lung volume, and in the absence of such measurements calculation of over-all alveolar and arterial gas tensions is indirect and inexact. Summary A method is described whereby the ratio of alveolar ventilation to perfusion (VA/Q) in individual lung zones may be measured during normal steady state conditions. Regional count rates were recorded during a 5-minute period of constant intravenous infusion of '33Xe dissolved in saline and during a similar period of '33Xe rebreathing into a closed circuit. Theoretical considerations and experimental measurements have indicated that, for practical purposes, a steady state is achieved within these time limits in normal subjects. Similar patterns of regional VA/Q were recorded during quiet tidal breathing in four normal subjects seated upright. It was possible to correct these data to allow for the influence of reinspired dead space gas and to compute regional Ve/Q, where Ve represented total gas-exchanging ventilation. Regional respiratory gas concentrations were calculated from such Ve/Q measurements and appeared to show less regional variation than previously reported. Limitations of the technique are discussed.
